Abstract In recent years, it has been hypothesised that a new signalling system may exist in vertebrates in which secreted molecular chaperones form a dynamic continuum between the cellular stress response and corresponding homeostatic physiological mechanisms. This hypothesis seems to be supported by the finding that many molecular chaperones are released from cells and act as extracellular signals for a range of cells. However, this nascent field of biological research seems to suffer from an excessive criticism that the biological activities of molecular chaperones are due to undefined components of the microbial expression hosts used to generate recombinant versions of these proteins. In this article, a number of the proponents of the cell signalling actions of molecular chaperones take this criticism head-on. They show that sufficient evidence exists to support fully the hypothesis that molecular chaperones have cell-cell signalling actions that are likely to be part of the homeostatic mechanism of the vertebrate.
Introduction
The movers and shakers of Biology are the proteins, and a large part of current biological research owes its existence to the pioneering molecular biologists who have enabled us to clone specific genes into appropriate expression vector systems and to generate recombinant proteins in a range of expression hosts. Pick up any molecular biology catalogue and peruse the variety of proteins that are offered for sale. It is likely that most, if not all of them (antibodies apart), will be recombinant proteins produced in one of three of four expression hosts. The most common expression hosts for a recombinant protein will be Escherichia coli, a yeast such as Pichia pastoris or a eukaryotic cell. The simplest and cheapest expression host is E. coli, and many recombinant proteins, including many mammalian proteins, are expressed in this Gram-negative bacterium. For most researchers, the nature of the expression host is irrelevant. If a favourite protein is a connective tissue component, and you want to show that it interacts with other specific components, then the nature of the host in which it is made is irrelevant-as long as it is properly folded and appropriately glycosylated.
However, if a recombinant protein is to be tested as an exogenous stimulator of eukaryotic cells, then the nature of the host may become more important. If proteins are expressed in E. coli, the individual protein may be contaminated with Gram-negative pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide (LPS). The term PAMPs was introduced by Janeway and refers to evolutionarily conserved microbial components that are recognised by the host through binding to patternrecognition receptors such as CD14 or the Toll-like receptors (TLRs) (Medzhitov and Janeway 2000) . It has to be assumed that most proteins expressed in E. coli will be contaminated with some LPS unless steps are taken to remove it. Most people working with recombinant proteins fail to recognise this as a problem; therefore, some of our literature of the analysis of the biological actions of E. coliexpressed recombinant proteins on eukaryotic cells is likely to be artefactual. However, it is possible to remove contaminating PAMPS from recombinant proteins. The best example of this is Kineret®, a drug now used to treat patients with rheumatoid arthritis (Fearon and Fearon 2008) . Kineret® is a recombinant form of interleukin-1 receptor antagonist (IL-1ra) expressed in E. coli and purified to remove all contaminating PAMPs. Initial scaleup purification involved mechanical lysis of cells followed by chromatographic purification, initially on an SP Streamline column, a strong cation exchange expanded bed adsorbent used for dealing with crude extracts of proteins. This is followed by anion exchange chromatography on QSepharose. The final material is passed through a polymyxin B column yielding IL-1ra which is >95% pure by SDS-PAGE with purity confirmed by MALDI-TOF MS and ESI-MS. LPS contamination is estimated to be 10 pg/ µg protein. Administration of up to 300 µg/kg of IL-1ra to Cynomolgus monkeys showed no evidence of endotoxaemia (Zanette et al. 1998 ). This protein is generally administered to patients daily (with minimal side effects), thus, showing that it is possible to generate large amounts of recombinant proteins in E. coli with minimal contamination with pro-inflammatory PAMPs (Fearon and Fearon 2008) .
Although many studies using recombinant proteins that have been generated in E. coli have failed to recognise that contamination with PAMPs is a potential problem, those working on the cell signalling actions of molecular chaperones have recognised that microbial contaminants might be a problem, and steps have been taken to avoid such contamination. Unfortunately, this has not failed to silence critics who have come up with other apparent problems. We started off with the problems of LPS contamination of Hsp60 and Hsp70 recombinant proteins (Gao and Tsan 2003a, b) . Following this was the suggestion that flagellin contamination of Hsp70 was responsible for its biological actions (Ye and Gan 2007) . The latest contaminant responsible for the cellular activation of Hsp70 proteins is, apparently, nucleotides (Bendz et al. 2008) . This review will concentrate mainly on the subject of LPS contamination, and these other contaminants will be dealt with briefly. The flagellin contamination of Hsp70 is countered by the work of Figueiredo and co-workers who have expressed Hsp70 in mammalian cells and have generated LPS-free protein that still stimulates T lymphocytes (Figueiredo et al. 2009 ). The possibility that the leukocytestimulating activity of Mycobacterium tuberculosis Hsp70 is due to nucleotides introduced by affinity purification of the Hsp70 is unlikely because: (1) the recombinant Hsp70 protein is subject to further chromatography which would remove nucleotides and (2) the C-terminal fragment of M. tuberculosis Hsp70, purified on a nickel affinity column, with no involvement of nucleotides, was biologically active (Wang et al. 2001) We are currently living on a cusp in Biology where the hypothesis that cell stress proteins have one set of biological functions within the cell, and a second set of functions when they are released from cells, and that both are part of a physiological homeostatic system is either a testable hypothesis or will be snuffed out due to a failure to fund the work required to test the hypothesis. This lack of funding is, increasingly, the experience of those trying to study the signalling actions of cell stress proteins. Without funding, this nascent field of Biology will be lost, and we will not know if we are abandoning a very important arena of biological control.
This short review brings together a group of people who are studying the cell-cell signalling actions of molecular chaperones. Each has been asked to review the literature on the reported biological and immunological properties of their protein of interest and to describe how they ensure that the signalling actions of the molecular chaperones on which they work are not due to some form of microbial contamination. The aim of this article is to draw up some form of Koch's postulates to prove that if a protein is described as having a particular biological activity, then it can only be due to the inherent activity of the protein and is not due to some contaminants in the expression system. The reader is asked to remember the modern casting of William of Occam's philosophical principal that 'the simplest of two or more competing theories is preferable and that an explanation for unknown phenomena should first be attempted in terms of what is already known'. In other words, the simplest explanation for the extracellular biological actions of molecular chaperones is that they have inherent biological activity.
Beyond the lowly PAMP (S.K.C.)
The finding of heat shock proteins in the extracellular microenvironment and blood is no longer a cause for incredulity. Indeed, it is clear that the strict rules of protein localisation within and without cells have become loosened and proteins traffic between membrane-bounded zones much more freely than we originally thought. The heat shock proteins, which are proteins without a canonical signal sequence, are able to negotiate the plasma membrane even when such membranes remain intact (Mambula et al. 2007) . Perhaps more surprising is the finding that heat shock proteins of the Hsp60, Hsp70 and Hsp90 families can traffic in large concentrations to the outside, even though their intracellular functions require large ATP concentrations, which are unlikely to be found outside the cell (Lindquist and Craig 1988; Bukau and Horwich 1998) .
The finding of extracellular roles for heat shock proteins was first greeted with some enthusiasm (Srivastava 2002) . Extracellular heat shock proteins were envisaged as being multifunctional extracellular messengers indeed for some the very "Swiss Army knives" of intercellular signalling (Srivastava and Amato 2001) . However, the fact that some of these functions included the induction of innate immune responses (Asea et al. 2000; which involved processes that resemble the effects of PAMPs, aroused scepticism . For some, heat shock proteins were merely carriers of contaminating PAMPs such as E. coli LPS that can bind to recombinant heat shock proteins that had been generated in this organism . Opinion seems divided between the advocates of a signalling role for heat shock proteins and proponents of the contamination theory (Wallin et al. 2002; Gao 2004, 2009) .
As with most controversies, the answer is likely to be located somewhere between the extremes. Clearly, much care needs to be devoted to quality control in heat shock protein preparations, particularly those that are isolated from prokaryotes, and results need to be interpreted with considerable caution. For studies on mammalian heat shock proteins, the Calderwood laboratory expresses proteins in insect cells from baculoviral vectors prior to purification or uses proteins isolated from mouse organs in order to minimise the contamination with prokaryotic PAMPs. However, in this author's humble opinion, the way forward for the discriminating extracellular heat shock protein biologist is to obtain a better understanding of the mechanisms underlying heat shock protein-mediated cellcell signalling. This includes:
1. Mechanisms of heat shock protein release from intact cells
Non-canonical secretion of intracellular proteins is still, after many years of study, something of an enigma. Even for the most venerable member of the inflammatory cytokines, IL-1β, controversy continues regarding pathways of secretion [reviewed in (Mambula and Calderwood 2006; Mambula et al. 2007) ]. We, therefore, need to expand our efforts to understand mechanisms of heat shock protein secretion. The Henderson laboratory is attempting to devise new approaches and materials for this purpose.
The issue of heat shock protein receptors
One disappointment for the Calderwood laboratory is that it has failed to detect a dedicated heat shock protein receptor. Instead, heat shock proteins appear to interact with cell surface proteins that have quite promiscuous binding habits. In addition, many such cell surface receptor types recognise heat shock proteins including, at a minimum: scavenger receptors, CD91/LRP, TLR family members and c-type lectins Asea et al. 2002; Delneste et al. 2002; Rosser et al. 2004; Mambula and Calderwood 2006; Thériault et al. 2006) . Discerning the signalling networks emanating from such an array of receptors will, thus, be challenging; however, this is essential if sense is to be made of the heat shock protein signal input. For scavenger receptors alone, heat shock proteins can interact with family members SRA1, SREC-1, LOX-1 and FEEL-1 ). In addition, heat shock protein binding to SRA1 is immunosuppressive, whereas LOX-1 mediates Hsp70 immunogenicity and antigen crosspresentation (Wang et al. 2007 ). Detailed studies of each receptor subtype and its interaction with others are essential in order to determine the sequelae of cellular interactions with heat shock proteins. There also remains some controversy over whether such an encounter is likely to be pro-or antiinflammatory (Pockley et al. 2008) .
A convincing solution to this dilemma requires a more detailed understanding of the basic questions of receptorligand (heat shock protein) affinity and pathways of signalling through the intracellular domains of heat shock protein receptors.
Heat shock proteins as intracellular message bearers
The use of heat shock proteins in anti-cancer vaccines is predicated on their ability to carry antigenic peptides as cargo, to protect the peptides from intracellular proteases after entering antigen presenting cells (APCs) and to deliver the peptide to MHC class I molecules. However, the mechanisms underlying this fascinating process are almost completely unclear (Tamura et al. 2007 ). Again, further detailed study is indicated.
The Calderwood laboratory has focused most of its attention on the Hsp70 protein. It is now appreciated that humans have at least 12 genes encoding Hsp70 proteins. Each of these proteins might have very different signalling actions which need to be detailed to fully understand the potential physiological and pathological activity of these family members.
Mycobacterial Hsp60 proteins as host signals (A.R.M.C.)
Much of Coates' work has focused on the Hsp60.1 (chaperonin 60.1) protein of M. tuberculosis, which is the second HSP60 gene in this bacterium and which was cloned and sequenced in 1993 (Kong et al. 1993) . Our initial studies revealed that M. tuberculosis Hsp60.1 activated myeloid cells Tormay et al. 2005 ). The HSP60.1 gene is expressed in E. coli as a 6xHis recombinant protein and is purified by Ni-NTA affinity chromatography followed by ion exchange. To reduce LPS contamination the recombinant Hsp60 on the Ni-NTA column is washed with an excess of polymyxin B (an LPS-binding antibiotic) which lowers the LPS contamination to <2 pg/µg recombinant protein . Digestion of Hsp60.1 with proteinase K destroys the protein and also obliterates its ability to induce eukaryotic cells to secrete pro-inflammatory cytokines Tormay et al. 2005) . In contrast, the monocyte-activating ability of LPS is not affected by proteinase K treatment, and this approach thereby demonstrates that the monocyte-activating ability of Hsp60.1 is not due to LPS contamination . Cloning and expression of the three separate domains of M. tuberculosis HSP60.1 reveals that the monocyte-modulating activity is present only in the equatorial domain. The other two recombinant domains, which have an equal chance of being contaminated with LPS or other proteinaceous PAMPs, are inactive . Applying Occam's razor to this question of PAMP contamination would surely lead to the conclusion that M. tuberculosis Hsp60.1 is a monocyte-modulating protein in its own right. We have also generated small peptides from the equatorial domain sequence and have found some of these to be active and others inactive (unpublished). This role of synthetic peptides will be discussed again later in this review.
Deletion of the entire HSP60.1 gene in M. tuberculosis produces a mutant which grows normally in culture within monocytes and in mice. However, this isogenic mutant fails to induce granulomas . Complementation of this mutant with HSP60.1 restores granuloma-inducing activity. This indicates that it is the expressed protein itself which induces inflammation in vivo and not a contaminant. An important finding is that the M. tuberculosis HSP60.1 gene cannot complement an E. coli GroEL-deficient mutant. Applying Occam's razor would suggest the hypothesis that M. tuberculosis Hsp60.1 is not a molecular chaperone but a directly acting virulence determinant of this bacterium.
The initial studies of M. tuberculosis Hsp60.1 revealed a protein which activates pro-inflammatory cytokine synthesis by human monocytes. This study was prompted by the findings of Brian Henderson that the potent bone resorbing protein released by the oral bacterium, Aggregatibacter (Actinobacillus) actinomycetemcomitans was the Hsp60 protein of this organism . It was then shown that E. coli Hsp60 (GroEL) was a potent stimulator of the formation of the myeloid cell population which is responsible for the normal homeostatic breakdown of bone-the osteoclast (Reddi et al. 1998 ). However, testing of the Hsp60.2 proteins from mycobacteria revealed that they did not stimulate bone resorption . BH and ARMC then showed that the Hsp60.1 and Hsp60.2 proteins from M. tuberculosis had no effect on bone resorption (Meghji et al. 1997) . Both recombinant forms of the M. tuberculosis Hsp60 proteins are contaminated with LPS to an almost identical level. Bone is exquisitely sensitive to picogramme per millilitre concentrations of E. coli LPS, which cause osteoclast-driven resorption . This suggests that these recombinant mycobacterial proteins have an insufficient level of contaminating LPS or other PAMPs to promote bone breakdown in vitro. Further evaluation of the effect of the M. tuberculosis Hsp60 proteins on bone and bone cells has revealed that Hsp60.2 neither promotes nor inhibits bone resorption. In contrast, the highly homologous Hsp60.1 protein is a potent inhibitor of bone resorption and of osteoclast formation, acting, at least in part, by inhibiting the transcription of the key osteoclast transcription factor, NFATc1 . Such biological differences cannot be due to differences in contaminants. Interestingly, administration of Hsp60.1 or Hsp60.2 to rats with adjuvant arthritis, a model of rheumatoid arthritis with a characteristic florid production of osteoclasts, reveals major differences in tissue responses. The Hsp60.2 has no effect on joint inflammation or on radiographically monitored bone damage. In contrast, Hsp60.1 completely suppresses the bone damage without influencing the joint inflammation . The ability of M. tuberculosis Hsp60.1 to inhibit bone resorption both in vitro and in vivo-a process that would be promoted by pro-inflammatory PAMPs-again rules out the possibility that the actions of this protein are due to contaminants such as LPS.
In earlier studies, it was also shown that M. tuberculosis Hsp60.1, but not Hsp60.2, could inhibit experimental allergic asthma in mice ). Both proteins have equivalent levels of LPS contamination Tormay et al. 2005 ) but completely different biological actions both in vitro and in vivo with different leukocyte populations. Again, Occam's razor would suggest that what we are seeing is the natural biological activity of these proteins and not the consequence of some contaminant which should be present equally in both protein preparations.
To confront directly the problem of LPS contamination in Hsp60.1 preparations, we have recently conducted some simple experiments. Using fluorescently labelled LPS, we have shown that Hsp60.1, in huge (10 5 ) excess, fails to compete with the labelled LPS for binding to monocytes. Tenfold excess concentration of unlabelled LPS inhibits the binding of labelled LPS. This shows that the Hsp60 preparations we used contain almost no functional LPS. Escherichia coli LPS alone at 1 ng/ml induces monocyte activation (unpublished observations). To determine what effect Hsp60.1 has on the activation state of LPS-stimulated monocytes, we have cultured human peripheral blood monocytes in the presence of concentrations of Hsp60.1 ranging from picogramme per millilitre to microgram per millilitre for 1 h followed by the addition of a fixed concentration of LPS that causes significant monocyte activation. We have used Affymetrix microarrays to determine the activation state of the monocytes. The activation of monocytes by LPS is completely blocked at very low concentrations of Hsp60.1. At higher concentrations, there is still a blockade of some genes, but others are unaffected. This is a completely unexpected effect which suggests that the Hsp60.1 protein is acting through more than one receptor. Again, these results rule out LPS as a contaminating component. The inhibitory action we are seeing also tends to rule out other PAMPs which generally induce a pro-inflammatory/monocyte activating profile of cell activation.
Reflections on Hsp60 (I.C.)
Innate immune effects attributed to Hsp60 might be really caused by LPS There are three compelling reasons for ruling out LPS contamination as a cause for innate immune effects in vitro and in vivo associated with Hsp60 (or with other heat shock protein molecules; we have worked mostly with human Hsp60, so I will use the term Hsp60 generically):
1. Most recombinant Hsp60 is generated in bacteria, so LPS is, therefore, likely to be present. 2. LPS is a strong stimulus of innate immune signalling. 3. Hsp60 complexes strongly with LPS and other innate stimulatory molecules of bacteria and can enhance the effects of these bacterial contaminants.
Molecular exclusion of LPS and other bacterial molecules
Various molecular measures are routinely used to exclude the functions of bacterial contaminants such as sensitivity to boiling, specific antibodies, adsorptions of various kinds and measurement of the actual amounts of possible contamination. These are standard to most work in the field and have been described at length by others in this review. There is, therefore, no need for additional elaboration here (Quintana and Cohen 2005) .
Functional exclusion of LPS and other bacterial molecules
Our studies have uncovered functional reasons why effects we attribute to human Hsp60 are not likely to result from LPS or other bacterial contaminants:
1. Human T cell adhesion responses via TLR2 can be 1,000-fold more sensitive to mammalian Hsp60 than they are to LPS It has been taught classically, and is still taught, that the immune system must be purged of antigen receptors that are capable of strongly binding to self-molecules; autoim-munity in health is forbidden (Cohen 2000) . This teaching, by association, has been carried over to innate immune receptors; TLRs and others are called pathogen-related receptors. Therefore, if such receptors appear to be activated by self-molecules such as Hsp60, it must be due to bacterial contamination. Scientists, like most people, tend to stick to their beliefs, so self-recognition is resisted, whether innate or adaptive. Unlike most people, scientists are influenced by controlled experiments and ultimately do change their minds. It is, therefore, hoped that this review will help change the minds of the scientific community.
Recombinant molecular chaperones suppress inflammatory diseases (W. Van E.)
An important aspect of molecular chaperones is their prominent capacity to signal antigen-specific elements of the adaptive immune system. Microbial Hsp60 was already known as the so-called common antigen of Gram-negative bacteria before the first heat shock proteins were molecularly defined (Young et al. 1987) . Later on, experimental immunizations with recombinant heat shock proteins demonstrated these proteins to be among the most immunogenic microbial proteins. This was not due to contaminating impurities, because epitope mapping studies reproduced the reactivity of the responding antigen specific T and B cells with synthetic peptides, such as in inflammatory diseases, as discussed below. The first studies of recombinant Hsp60 in experimental arthritis were performed in the rat model of mycobacteriainduced adjuvant arthritis. T cell lines and clones had been developed in the model, which had either disease-inducing or disease-suppressing activities van Eden et al. 1985) . These T cells had been raised against whole mycobacteria. The specificity of these T cells for mycobacterial Hsp60 was discovered using the first cloned M. tuberculosis-derived recombinant Hsp60 (van Eden et al. 1988) . The exact specificity of these T cells for linear epitopes of Hsp60 was extensively documented using synthetic peptides (van der Zee et al. 1989 ). In addition, in various studies, the capacity of recombinant Hsp60 to interfere with arthritis was reproduced in experiments using synthetic peptides, which were administered either parenterally with a suitable adjuvant (Anderton et al. 1995) or intranasally in PBS (Prakken et al. 1998) .
Antibodies and T cells reactive with chaperones were also frequently detected in patients with inflammatory diseases . In many cases, the relevant peptide epitopes were defined, proving true specificity for the chaperones themselves. We have been involved in studies with patients suffering from juvenile idiopathic arthritis. T-cell responses to recombinant human Hsp60 have been found to correspond with good prognosis and especially with the self-remitting oligo-articular forms of this disease (de Graeff-Meeder et al. 1991 , 1995 . Similar to what has been done in the experimental models, most of the immune reactivities in these patients have been reproduced with synthetic peptides, again demonstrating the self-heat shock protein-reactive focus of the T-cell reactivity to endogenous chaperones (Kamphuis et al. 2005) .
The effects of recombinant mycobacterial Hsp60 have been reproduced with synthetic peptides representing a dominant T cell epitope in other disease models. A recent example is the study by van Puijvelde and co-workers in which experimental atherosclerosis was suppressed by oral administration of either whole Hsp60 or a defined Hsp60 T cell epitope in the form of a synthetic peptide (van Puijvelde et al. 2006) .
Studies have also been performed with recombinant Hsp70. Recombinant mycobacterial Hsp70 was documented to immunise against adjuvant arthritis in rats in a manner which was very similar to that seen with Hsp60. Furthermore, in the case of Hsp70, T cells responding to conserved synthetic peptide-defined sequences of Hsp70 were found to be responsible for the arthritis-protective effects (Wendling et al. 2000) . Thus, both Hsp60 and Hsp70, being sequentially conserved and highly immunogenic microbial proteins, have the capacity to activate T cells which crossrecognise endogenously expressed self-homologues of these molecular chaperones. Such self-homologue crossrecognised cells have arthritis-suppressive effects, possibly by producing immune modulatory cytokines, such as IL-10 ( Prakken et al. 2001) .
In recent experiments by Wieten and co-workers, experimental arthritis has been prevented by the mere oral administration of a stress protein co-inducing compound (unpublished data). Very much in line with the Hsp60-and Hsp70-induced protective effect, the up-regulation of endogenous chaperones was found to trigger heat shock protein-reactive T cells with inflammation suppressive activity. This, in the author's opinion, is a convincing aspect of the nature of chaperones as effective signalling molecules for the immune system.
Most of the recombinant mycobacterial proteins used in our studies were produced in the Utrecht University-based centralised facility for the production and purification of recombinant heat shock proteins. This facility was initiated under the umbrella of a previous Concerted Action (EU FP5), which consisted of a large number of European laboratories and focussed on the role of Hsp60 and Hsp70 in autoimmune inflammatory diseases. Due to its focussed aim of elucidating the immunology of these proteins, this facility made maximal efforts and collected ample experience for the production of proteins with extremely low levels of residual contaminants. Nonetheless, especially in the in vivo studies, a significant degree of contaminating LPS would have had an arthritis promoting pro-inflammatory effect, which is incompatible with the arthritis suppressive outcome of these experiments.
M. tuberculosis Hsp70 and host immunity (T.L.)
LPS, a highly active biological molecule, with a timehonoured history of extensive investigations, is found in all Gram-negative organisms in the intestinal tract, and in health, and is prevented from invading the body. The large family of heat shock proteins and molecular chaperones have a shorter pedigree of investigations and are found both in Gram-positive and Gram-negative bacteria and in eukaryotic cells. Human intracellular Hsp70 molecules share about 60% homology with microbial Hsp70 (Bardwell and Craig 1984) , and the author believes that they are critical for our understanding of immunology in health and disease. This applies to the basic immunological mechanism of differentiating immunity from tolerance, response to microbial infections, and immunopathology of autoimmune diseases. Investigators of heat shock proteins have faced the criticism that the effects demonstrated by heat shock proteins are due to contamination with LPS (Gao and Tsan 2003a ) and more recently, flagellin (Ye and Gan 2007) or nucleotides (Bendz et al. 2008 ). This refers largely to recombinant heat shock proteins, which are generated in E. coli, from which the removal of traces of LPS has proved difficult. Heat shock proteins are fairly sticky proteins, and it would be a challenging exercise to reverse the trend and study contamination with heat shock proteins of the host of recombinant proteins that are expressed in E. coli.
To demonstrate that the immunological activity under investigation is due to the recombinant heat shock protein (and not some E. coli contaminant), we would advocate the application of three or more of the five procedures outlined below, which have been carried out with microbial Hsp70 (Wang et al. 2001 (Wang et al. , 2005a . These should be applied after preparation of purified heat shock proteins by ion exchange chromatography, using Q-Sepharose resin, followed by ATP affinity chromatography (Mehlert and Young 1989) and treatment (×2) with polymyxin B-coated beads.
1. Biochemical tests (Fig. 1) . Heat shock protein activation is dependent on intracellular calcium flux, unlike LPS (McLeish et al. 1989; Asea et al. 2002) , and the intracellular calcium chelator BAPTA-AM has proven to be an effective inhibitor of this process. Using the cytokine, TNF-α, as a read out, its production is inhibited in a dose-dependent manner with the calcium chelator when monocytes are stimulated with Hsp70 but not when stimulated with LPS (Fig 1a) . Proteinase K has an inhibitory effect on TNF-α production by Hsp70 but does not affect LPS (Fig. 1b) . Similar results have been found when production of the chemokine CCL-5 is measured. 2. Antibodies and/or siRNA inhibition. Antibodies to the M. tuberculosis Hsp70 receptor CD40 inhibit CCL-5 (Rantes) production in a human monocyte-derived cell line (THP1) stimulated with Hsp70 in a dose-dependent manner (Fig. 1c) but failed to affect the generation of CCL-5 elicited by LPS (Fig. 1d) . Conversely, antibodies to CD14 inhibited CCL-5 production in LPS-stimulated cells but had no effect on the Hsp70-stimulated cells. siRNA may also interfere differentially between heat shock proteins and LPS receptors but not between common receptors, such as TLR2 and TLR4. 3. Heat shock protein-derived synthetic peptide epitopes.
Synthetic peptides are free of any detectable LPS, flagellin or nucleotides which should rule out the criticism that their function can be accounted for by any of these contaminants. A stimulating peptide epitope (aa407-426) at the base of the peptidebinding groove of Hsp70 and an inhibitory epitope (aa457-496) downstream from the groove have been identified ( Fig. 2a, b ; Wang et al. 2005a, b) . The critical residues identified were Q407, P408, S409 and V410, and alanine substitutions significantly reduced the stimulation of IL-12 and TNF-α production. IL-12p40 production by dendritic cells (DCs) stimulated with p407-426 was increased 10-fold compared with the unstimulated control (275.4±41.2 vs. 23.1±10.3 pg/ml). Similar results have been found with respect to TNF-α production. However, native Hsp70 stimulates higher concentrations of these cytokines than the peptide alone. The effect of these peptides on Hsp70 or CD40 ligand (trimer)-induced maturation of human monocyte-derived immature DCs was then studied. The proportion of CD83 + DCs was significantly increased by p407-426, whereas it was inhibited by p457-496. LPS-stimulated DCs were not inhibited by p457-496, although p407-426 increased the proportion of CD83 + DCs (Table 1) .
The p38 MAP kinase signalling pathway is critical in Hsp70 activation of monocytes via binding to CD40 molecules and is inhibited by the 457-496 inhibitory peptide and enhanced by the 407-426 stimulating peptide, when assessed by enzyme immunoassay and Western blot analysis ( Fig. 2c ; Wang et al. 2005a, b) . Furthermore, the dose-dependent inhibition of HIV-1 infection of human CD4 + T cell lines by Hsp70 has been reproduced by p407-426 (Babaahmady et al. 2007 ). The mechanism involves the stimulation of CCL-3, CCL-4 and CCL-5 chemokines, which bind and down-modulate CCR5, thereby preventing HIV-1 binding to the CCR5 co-receptors. It might be of interest to note that when the manuscript on stimulating and inhibitory peptide epitopes of Hsp70 was submitted for publication, one of the referees commented, "reproducing the Hsp70 functions by synthetic peptides will finally rule out that LPS contamination is responsible for the effects of Hsp70"! 4. LPS contaminant quantitative and dose-response studies. Any LPS in the purified Hsp70 should be determined by the Limulus amoebocyte lysate assay, which is, in our experience, typically about 0.001 U/µg or 10 pg/µg of the Hsp70 preparation. LPS doseresponse studies have shown that the lowest concentration of LPS which is required to stimulate IL-12p40 is 10,000 pg/ml, which is 1,000-fold higher than the contaminating LPS (10 pg/ml) in the Hsp70 preparation. Any enhancing effect on IL-12p40 production was not found by complexing up to 1,000 pg/ml LPS with Hsp70 (20 µg/ml), Hsp70 359-609 or CD40L. A 2-fold increase in IL-12p40 concentration was observed with all three complexes only after adding 10,000 pg/ml LPS, and so it is unlikely that the minute amount of LPS complexed with Hsp70 is responsible for the observed activity of this protein (Wang et al. 2005a, b) .
The dual Hsp70 receptor functions of CD40 and CCR5 have been utilised in the generation of the anti-viral factor APOBEC3G (A3G) by stimulating human CD4 + T cells with Hsp70, which up-regulates A3G and inhibits HIV-1 infectivity (Babaahmady et al. 2007 ). A comparative experiment in which GFP-labelled pseudovirions are treated with Hsp70, and LPS showed that the LPS-treated cells were 5-to 6-fold higher than Hsp70-treated counterparts. Hsp70 also increased A3G expression in CD8 + and CD4 + T cells and DCs to a greater extent than LPS, and LPS had no detectable effect on A3G expression at concentrations of 2.5 to 20 ng/ml (Babaahmady et al. 2007 ). The Janus-like properties of HSPC4 (gp96) (A.G.P.)
Gp96, also previously known as glucose-regulated protein, endoplasmin and 99 kDa endoplasmic reticulum protein Erp99, is a 94-96-kDa member of the Hsp90 family which resides within the lumen of the endoplasmic reticulum. A recent consensus document has attempted to arrive at a consistent and clear nomenclature for the heat shock protein and related chaperone genes in the human database, and this has suggested that this member of the 90-kDa family of stress proteins should be referred to as HSPC4 (Kampinga et al. 2009 ). This proposed nomenclature will be used here. The immunological properties of HSPC4 first became apparent in studies by Pramod Srivastava and colleagues in the 1980s, which demonstrated that the administration of a 96-kDa protein fractionated from a murine tumour cell lysate (which was subsequently shown to be HSPC4) to mice-induced resistance to the same tumour from which the protein had been originally isolated (Srivastava et al. 1986 ). It was proposed that the specificity of the response was defined by tumour-derived peptides which were associated with the administered HSPC4 (Chandawarkar et al. 1999 ). However, Liu and colleagues have reported problems with identifying peptides that are associated with HSPC4 (Liu et al. 2004) . Furthermore, the observation that the yield of peptides extracted from HSPC4 is highly sub-stoichiometric, with an estimated occupancy of between 0.1% and 0.4%, appears to argue against HSPC4 having a role as a peptide chaperone in antigen processing (Demine and Walden 2005) . Nicchitta and colleagues believe that HSPC4 does not interact with tumour peptides but instead interacts with polypeptides .
Although HSPC4 has been reported to have proinflammatory effects and to induce peptide-specific protective immunity, it has been demonstrated that high-dose HSPC4 does not induce protective anti-tumour immunity (Chandawarkar et al. 1999) , indeed it can attenuate inflammatory disease and delay skin transplant rejection (Chandawarkar et al. 1999 (Chandawarkar et al. , 2004 Kovalchin et al. 2006 ). These anti-inflammatory properties appear to be mediated by the induction and/or activation of immunoregulatory CD4 + T-cell populations (Chandawarkar et al. 1999 ). More recently, the Pockley laboratory has demonstrated that highdose HSPC4 can prolong the survival of rat cardiac allografts (Slack et al. 2007 ) and induce a systemic state of T-cell hypo-responsiveness .
APCs such as DCs have been reported to spontaneously internalise HSPC4 by receptor-mediated endocytosis (Arnold-Schild et al. 1999 ) via a number of receptors including the α 2 -macroglobulin receptor (CD91 molecule) Binder and Srivastava 2004) , the LPS receptor (Vabulas et al. 2002c ) and members of the Toll-like receptor family (Ramirez et al. 2005 ) (TLR-2, TLR-4), the latter either alone or in combination with CD14 (Vabulas et al. 2002c) . HSPC4 internalisation by human APCs has also been found to take place via scavenger receptor A .
The interactions of HSPC4 with receptors that are also used by LPS, especially members of the TLR family, have led to the proposition that the immunological properties of this stress protein are also mediated by contaminating LPS or other PAMPs which interact with pattern recognition receptors.
The purification of HSPC4 typically involves a sequence of ammonium sulphate precipitation, affinity chromatography on Concanavalin A-Sepharose, passage through a P10 size exclusion column and a final purification using anion affinity chromatography (Wearsch and Nicchitta 1996; Srivastava 1997; Fairburn et al. 2006) . It has been reported that gp96 purified using a Concanavalin A affinity purification step contains sub-stoichiometric amounts of Concanavalin A which can promote the formation of HSPC4-ConA oligomers, enhance the immunological activity of HSPC4 as a consequence (Monks et al. 2005 ) and itself activate T cells due to its lectin-mediated mitogenic activity (ArnoldSchild et al. 2000) . However, the Pockley laboratory has not been able to demonstrate the presence of such contamination . HSPC4 has also been purified using a one-step affinity chromatography approach involving single chain Fv recombinant antibodies (Arnold-Schild et al. 2000) .
Although the use of preparations of HSPC4 that have been purified from tumours, cancer cell lines or other tissues might circumvent the potential involvement of E. coli PAMP contamination that is associated with the use of recombinant proteins generated using E. coli expression systems, the potential for a bacterial contaminant-mediated effects nevertheless exists and must be considered. It is, therefore, essential that all of the laboratory equipment which is used in the purification procedure is baked for a minimum of 4 h at 220°C and that all solutions are prepared using autoclaved ultrapure pyrogen-free water . The potential endotoxin content of purified HSPC4 preparations can also be reduced using a detergent wash, as has been described by Reed and colleagues (2003) . Endotoxin is not a single component but is an admixture of LPS and other components (proteins, lipoproteins, teichoic acids, etc.) that can be removed by simple extraction procedures applied to Gram-negative bacteria.
Reed and colleagues have shown that HSPC4 binds endotoxin in a high affinity, saturable and specific manner (Reed et al. 2003) . The same study demonstrated that 'low' endotoxin preparations of HSPC4 which had been purified from porcine pancreas rough microsomes using an approach which includes a detergent wash and containing <0.27 EU endotoxin/mg protein do not stimulate NF-κB activation or NO release in macrophages, but do induce ERK phosphorylation (Reed et al. 2003) . Other studies which have attributed immunological properties to HSPC4 have used preparations having endotoxin levels of <50 EU endotoxin/mg protein (Vabulas et al. 2002b ) and an absolute quantity of <0.02 EU endotoxin (Basu et al. 2000) . Studies in the Pockley laboratory which have shown HSPC4 purified from rat livers ) to prolong rat cardiac allograft survival (Slack et al. 2007) and to activate T cells, but not bone marrow-derived DCs ) have used preparations containing <1 EU endotoxin (0.1 ng)/mg protein. Warger and colleagues (2006) have reported that 'endotoxin-free' (<0.5 U/mg) preparations of HSPC4 can stimulate DCs at concentrations greater that 50 µg/ml (containing <5 pg/ml LPS-a concentration not able to activate cells). Pre-incubation of low amounts of HSPC4 with low concentrations of LPS which are, on their own, incapable of activating DCs resulted in DC activation and an up-regulation in their T-cell stimulatory capacity (Warger et al. 2006) . The interpretation of these data is that there is cooperation between HSPC4 and TLR ligands and that the former amplify the effects of the latter (Warger et al. 2006) .
Notwithstanding the ability to generate preparations of HSPC4 which have low levels of endotoxin, it is clearly important to ensure that exogenous endotoxin is excluded from the experimental system and that appropriate controls are included in the experimental design. A typical control for this field is to determine the functional properties of stress proteins in the presence of the LPS-binding antibiotic polymyxin B. However, this is not possible in the case of HSPC4, as this protein binds to polymyxin (Reed et al. 2003) . In addition, a caveat to the general use of polymyxin B as such a control is the report that polymyxin B itself can induce several functional and molecular modifications in monocyte-derived human DCs that are characteristic of DCs undergoing a maturation process (Valentinis et al. 2005) . This might, therefore, confuse the interpretation of experiments that include such controls.
Another control which is typically included in such experiments involves the heat treatment of the molecular chaperone, on the basis that endotoxin is heat stable (Vabulas et al. 2002a ). However, this has been reported to be not necessarily the case by one laboratory (Gao and Tsan 2003a) . This contradicts over 100 years experience with the marked heat stability of LPS. Experience in the Pockley laboratory is that boiling of purified HSPC4 preparations results in a marked aggregation of HSPC4 as observed by silver staining of electrophoretic gels . It is possible that such aggregated proteins retain immunological activities, and again, the data deriving from such controls should be considered in the context of this. Another approach is to incubate samples for 3 h at 37°C with proteinase K acrylic beads (which can be obtained from the Sigma-Aldrich Company Ltd.) . No protein bands are observed following this treatment, and all activity is lost . By far, the best approach for minimising the potential contamination of HSPC4 preparations with endotoxin is to reduce the potential for such contamination to occur. This can be achieved using purified proteins and procedures which prevent the introduction of endotoxin (which are possible) or by using experimental approaches which exclude the possibility of such contamination. With respect to the latter, there are a number of reports in which the immunological properties of HSPC4 have been described, none of which can be attributed to endotoxin contamination. These primarily include experimental systems involving synthesised HSPC4 peptides or HSPC4 which is secreted and/or expressed in a cell culture system. For instance, an HSPC4-IgG fusion protein secreted by tumour cells induces CD8 + T cell activation and has the capacity to elicit tumour rejection (Yamazaki et al. 1999 ) and can activate NK cells in vivo (Strbo et al. 2003) . Truncated forms of the HSPC4 molecules secreted into conditioned medium by transfected cells have also been shown to mediate tumour rejection in mice and to induce DC maturation (Baker-LePain et al. 2002) . Furthermore, cell-surface-expressed HSPC4 has been shown to induce the activation of DCs and the development of autoimmune disease in mice (Liu et al. 2003) , and HSPC4-secreting fibroblasts lead to in vivo activation of CD11b + and CD11c + APCs . Although it has recently been argued that the in vivo effects of HSPC4 are mediated by chaperoned peptides rather than the HSPC4 itself, due to the reports that highly purified HSPC4 which is free of pathogenderived contaminants does not have immunostimulatory properties (Tsan and Gao 2009 ), this does not take into account the stimulatory capacity of HSPC4 which has been demonstrated using the in vitro culture systems described above.
It is clear that the debate continues concerning the involvement of endotoxin in the biological and immunological properties of stress proteins. The majority of these concerns can be addressed by undertaking two simple experimental steps:
& Generate recombinant stress proteins in endotoxin-free expression systems & Purify stress proteins using an endotoxin-free system
Moonlighting proteins
As we approach the end of the first decade of the twentyfirst century we see an ever-expanding role for molecular chaperones in biological processes and realise that in spite of significant sequence conservation, individual chaperone family members can have very distinct functions. Proteins with more than one function are now termed moonlighting proteins (Jeffery 2003) , and the number of moonlighting functions for molecular chaperones is growing rapidly, as has been reviewed elsewhere (Henderson and Pockley 2005; Novartis Foundation Symposium 2008) . Examples of these moonlighting functions include the finding that murine spermatozoa have Hsp60 on their cell surface and that this protein has to be phosphorylated to enable the sperm to be capacitated (Asquith et al. 2004) . It would naturally be assumed that if this is the case in mice, then other mammals would utilise Hsp60 similarly. In fact, human sperm do not have Hsp60 on their cell surface; therefore, this protein cannot be used in sperm capacitation (Mitchell et al. 2007) . A cell-surface location for molecular chaperones is increasingly indicated and one surprising finding has been that the receptor complex for LPS includes, among a number of proteins, the molecular chaperones Hsp70 and Hsp90 (Triantafilou et al. 2001a) , and there is direct evidence for the role for these proteins in the activation of monocytes by LPS (Triantafilou et al. 2001b) . Indeed, there are a growing number of reports of bacteria utilising Hsp60 and Hsp70 as adhesins (Henderson et al. 2006) . Perhaps the most outlandish moonlighting example is of the bacterium Listeria monocytogenes which was identified to have a major adhesin termed Listeria adhesion protein (LAP). It was known that LAP bound to cell surface Hsp60 on human cells. Further analysis of LAP has revealed it to be the metabolic enzyme, alcohol acetaldehyde dehydrogenase, and surface plasmon reso- Table 2 Recommendations for generating recombinant molecular chaperones with minimal contamination with PAMPs Before considering the points below, it is important to check that a final recombinant chaperone is properly folded using circular dichroism (CD) or NMR. Improperly folded proteins might lack activity. nance analysis has revealed that the Ka of binding between LAP and Hsp60 is 5.4×10 8 M −1 s −1 , which is a high affinity interaction and similar to the affinity of antibodies used to detect Hsp60 in immunoassays (Kim et al. 2006) . Thus, this is a moonlighting protein binding to a moonlighting protein.
Many more examples could be given of the moonlighting actions of molecular chaperones, and some of these can be found in recent books and reviews (Henderson and Pockley 2005; Henderson et al. 2006; Henderson and Henderson 2009; Pockley et al. 2008) . They have been included to show that molecular chaperones have a wideranging set of biological activities in addition to those that are associated with the activation, or inhibition, of leukocytes. Indeed, much of the controversy about the extracellular signalling actions of molecular chaperones has focused on their published actions as activators of monocytes and lymphocytes (Gao and Tsan 2003a, b; Ye and Gan 2007; Tsan and Gao 2009) . However, there is increasing evidence that molecular chaperones can inhibit the functions of immune cells. Evidence has been presented that Hsp10 (Johnson et al. 2005 ), Hsp27 (Miller-Graziano et al. 2008) , human Hsp60 (Zanin-Zhorov et al. 2003 , 2006 Cohen-Sfady et al. 2005) , the endoplasmic reticulum Hsp70 family member, BiP (Corrigall et al. 2001 (Corrigall et al. , 2004 and HSPC4 (Chandawarkar et al. 1999 (Chandawarkar et al. , 2004 Kovalchin et al. 2006; Slack et al. 2007) , inhibit monocyte or lymphocyte activation. Indeed, Hsp10 was actually discovered in human blood, as an immunosuppressive factor, 1 year (1977) before the terminology of molecular chaperones was introduced (Morton et al. 1977; Noonan et al. 1979) . Not only are some molecular chaperones immunosuppressive but they are also in clinical trial for the treatment of chronic inflammatory diseases. Thus, human Hsp10 has been reported to have some therapeutic effect in patients with rheumatoid arthritis (Vanags et al. 2006 ) and in those with psoriasis (Williams et al. 2008) . BiP is currently entering clinical trials for the treatment of rheumatoid arthritis in the UK (Panayi, personal communication) . Furthermore, the human Hsp60 peptide DiaPep277 is in a clinical trial for diabetes (Huurman et al. 2008) .
The wide-ranging biological actions of cell surface molecular chaperones, which are independent of PAMP contamination, plus the evidence for immunosuppressive/ anti-inflammatory actions of the heat shock proteins, again clearly actions that are not associated with PAMP contamination, combined with the evidence that has been presented earlier supports the hypothesis that the moonlighting functions of molecular chaperones are inherent properties of these proteins. To establish this hypothesis, it is important that future work in the field should be carried out to the highest standards of molecular chaperone
Occam ' s Razor Applied to Chaperone Signalling
Recombinant chaperone is pure, correctly folded and biologically active[it is vital to check protein folding after each treatment] Chaperone is contaminated. 'Remove' chaperone by heat, protease or affinity methods (antibody/NiNTAetc ) and the activity should disappear. If not -contaminants are active Alternatively, remove contaminants and activity should disappear _ if not contaminants are active
Contaminants cannot be removed, so hypothesis about activity cannot be tested unless protein is re-expressed in non-prokaryotic vector where these contaminants cannot be present Synthetic peptide fragments of the chaperone exhibit activity of the parent protein purification, and a set of recommendations as to how to achieve this are provided in Table 2 . As E. coli expression is likely to remain popular with those generating recombinant molecular chaperones, it would be useful to characterise the PAMPs that could contaminate recombinant molecular chaperones that are expressed in the common expression strains of E. coli. Such proteins are likely to be found on the cell surface and to get there have to pass through the periplasm. We have used E. coli strain M607 (derived from the K12 strain JM83 F -ara Δ(lac-proAB) rpsL (Str r ) [880 dlacΔ(lacZ)M15] in which the gene encoding the acyltransferase responsible for transferring the acyl chains to the 3′ position in the lipid A moiety of LPS has been mutated (Somerville et al. 1996) . The LPS from this isogenic mutant is inactive and thereby allows the cytokine-inducing activity of the periplasmic proteins to be measured. We found that these periplasmic proteins could stimulate human monocytes to generate pro-inflammatory cytokines in the microgramme per millilitre concentration range. Surprisingly, although all of this activity was blocked by polymyxin B, it was not due to LPS. We used polymyxin B columns to remove the cytokine-inducing proteins and on elution of these columns with deoxycholate, two proteins were identified: flagellin and peptidyl- Table 3 Evidence for and against Hsp60 having cell signalling activity Hsp60 (evidence against) Human Hsp60 activation of murine monocytes is due to LPS contamination (Gao and Tsan 2003a, b) Human Hsp60 fails to induce expression of 96 common cytokine genes in murine macrophages Murine Hsp60 fails to activate murine splenocytes (Wang et al. 2005a) prolyl cis,trans isomerase (Sharp et al. 2009 ). These appear to be the major E. coli PAMPs which contribute to recombinant protein cytokine-inducing activity. Importantly, their activity is relatively low (compared to LPS) both proteins can be removed and/or activity blocked by polymyxin B, and they can be removed using antibodies. In addition, the E. coli strain M607 is a useful one for expressing recombinant molecular chaperones, as it has almost a non-endotoxic LPS. A schematic representation of the tests of the hypothesis that molecular chaperones have cell signalling activity is shown in Fig. 3 . Finally, Table 3 compares and contrasts the literature on Hsp60 that covers both the papers which claim that the activity of this protein is due to contaminants and those in which evidence is produced to show that contaminants could not generate the published results.
Conclusion
Although the potential for contaminating LPS to account for the activities of recombinant molecular chaperones that have been prepared using E. coli expression systems, or which have been poorly purified, does exist, a wealth of evidence indicates that these proteins do indeed have a number of biological and immunological properties that are not induced by associated contaminants. Proteins produced in eukaryotic expression systems have been shown to have a number of biological/immunological properties, as have heat shock protein derived peptides and proteins expressed on the surfaces of cells. Furthermore, the 'moonlighting' profile of heat shock proteins is far greater than that of LPS. This provides another strong argument against those suggesting that all of the activities that have been attributed to heat shock proteins are due to the presence of contaminating LPS. Whereas the conclusions of experimental studies that do not include the appropriate controls should be interpreted with caution, it is important that the findings from studies that have been performed properly should be accepted and considered on their merit.
